Abstract The aim of this work was to study the degradation of three azo dyes, Orange II, Methyl red and Biebrich Scarlet by electro-Fenton and the effect of the electrochemical pretreatment on the biodegradability of the solutions. The electrochemical pretreatment showed that an electrochemical reduction on the carbon felt electrode was mainly responsible for the decolorization of the azo dyes. Indeed, the electrochemical behaviour of the azo dyes highlighted their electroactivity; electrolysis with and without ferric ions led to the same decolorization yield, namely 99 % at 15 min for Methyl red, and stable chemical oxygen demand (COD) values were recorded during decolorization. In a second step and owing to the absence of by-product electroactivity in reduction, the formation of hydroxyl radicals by the Fenton reaction led to the oxidation of by-products from the electrochemical reduction. It was illustrated by the decrease recorded for the COD values. The results also showed that the azo bond cleavage occurring during the electrochemical reduction was not sufficient to significantly reduce recalcitrance, as shown from biological oxygen demand (BOD) 5 /COD ratio examination below the limit of biodegradability (0.4). Contrarily, a positive trend was recorded for Orange II during the electro-Fenton reaction, with a BOD 5 /COD ratio of 0.81 after 28 h of pretreatment.
Introduction
Industrial wastewater purification is a matter of great interest for the scientific community. The problem is complex due to the wide variety of pollutants, whether minerals or organics. Organic dyes constitute one of the largest groups of pollutants in wastewater. Among the 1,000,000 tons per year of dyes produced, about 60-70 % are azo dyes (Forgacs et al. 2004) , and about 15 % are released in the environment (Guivarch et al. 2003b ). The discharge of highly coloured wastewater into the ecosystem involves environmental burdens. Due to their coloration, dyes cause floral and aesthetic pollutions (even a small amount of dye is clearly apparent). Some dyes are also potentially toxic, as well as their by-products such as aromatic amines (Dominguez et al. 2005; Arslan et al. 2000) . They can also induce perturbations of aquatic life since some azo dyes and degradation products are highly carcinogenic (Brown and De Vito 1993) .
Biological treatments, which are the most costeffective and the most environment-friendly processes appear not recommended owing to the biorecalcitrance of azo dyes. Moreover, some metabolites such as aromatic amines produced during the cleavage of the azo bond are more toxic than the target compound (Tantak and Chaudhari 2006) .
Physical techniques can be used to remove recalcitrant pollutants (Robinson et al. 2001; Auriol et al. 2006) , but the main drawback is the need to quite costly regeneration and posttreatment processes, owing to the nondestructive characteristic of these processes. Indeed, the pollutant is only transferred to another phase (Arslan et al. 2000; Chaudhuri and Sur 2000; Stock et al. 2000) .
Contrarily, physicochemical processes are destructive and are also widely used to remove recalcitrant compounds. Among these processes, advanced oxidation processes (AOPs) appear as an interesting way for the treatment of the azo dye pollution (Comninellis et al. 2008) . They are based on the formation of easyproduced, nonselective and very reactive hydroxyl radicals (Oppenländer 2003; Chiron et al. 2000) . The high reactivity of hydroxyl radical allows the oxidation of dyes into CO 2 , H 2 O and inorganic ions or biodegradable compounds (Hachem et al. 2001) .
The electro-Fenton process is an indirect oxidation process. It is based on the continuous electrogeneration of hydrogen peroxide in aqueous solution by dissolved oxygen reduction on a mercury, graphite felt or an oxygen diffusion cathode (Hammami et al. 2008; Sires et al. 2008; Wang et al. 2005; Brillas et al. 2009 ) and/or ferrous ions (Guivarch et al. 2003a) :
The Fenton reaction corresponds to the production of hydroxyl radicals°OH from the reaction between H 2 O 2 and ferrous ions Fe 2+ :
Electro-Fenton has been shown to be efficient for azo dye removal (Daneshvar et al. 2008; Ozcan et al. 2008; Panizza and Cerisola 2009) and the in situ generation of H 2 O 2 avoids the need for transport and storage of this hazardous substance (Rosales et al. 2009 ). Electro-Fenton can be combined with other advanced oxidation processes such as anodic oxidation (Borras et al. 2011; Cruz-Gonzales et al. 2012 ) for a better production of hydroxyl radicals.
Due to a relatively high operational cost of AOP, potential advantage of the strategy of combining chemical and biological processes to treat contaminants in wastewater was previously suggested Ollis 1995, 1997; Oller et al. 2011) . In this aim, integrated processes including either UV/H 2 O 2 or UV/O 3 (Ledakowicz et al. 2001) (Dominguez et al. 2005) followed by biological treatment have been proposed to treat wastewater released by the textile industry.
AOP constitute a pretreatment in order to increase the biodegradability of the recalcitrant azo dyes, leading to the formation of non toxic by-products, more readily metabolizable by microorganisms (De La Rochebrochard D'Auzay et al. 2007; Poyatos et al. 2010) .
Previous studies on the relevance of coupling photocatalysis and a biological treatment showed that the biodegradability did not increase after total decolorization most likely due to a too low residual chemical oxygen demand (COD) and thus a too low available organic carbon for the metabolism of microorganisms. Moreover some of the by-products were more toxic than the initial compound (Chebli et al. 2010) .
In this study, the relevance of a pretreatment based on the electro-Fenton process prior to biodegradation was studied for three azo dye degradation: Methyl Red, Biebrich Scarlett and Orange II. In the same time, the mechanism of azo dye degradation was discussed.
Materials and Methods

Azo Dyes
Methyl red (MR), Orange II (OR II) and Biebrich Scarlett (BS) were used without further purification, owing to their high purity, at least 99 %. Methyl red was used under its salt form owing to the high available purity. They were purchased from Sigma Aldrich (Isle d'Abeau Chesnes, France). Their molecular structures are given in Fig. 1 . Distilled water was used to prepare the coloured solutions.
Material for Electro-Fenton
A three-electrode system was used to carry out the electro-Fenton reaction in 400 mL of solution to be treated. All the potentials were measured with respect to a saturated calomel electrode located near the working electrode and immersed in a glass frit (porosity 5) Throughout the experiments, compressed air was bubbled in the working electrode compartment. A catalytic amount of ferric iron was introduced into the solution before the beginning of electrolysis. The solutions were magnetically stirred at 320 rpm, and the temperature was maintained at 30°C by means of a thermostated bath.
Material for Voltammetric Studies
Current-potential curves were performed using three electrodes. The working electrode was a rotating vitreous carbon disc (1,500 rpm) with a surface of 7 mm 2 . A platinum wire was used as counter electrode, and all the electrode potentials were measured with respect to a saturated calomel electrode (SCE). The experiments were performed in a 75-cm 3 electrochemical cell at ambient temperature under nitrogen atmosphere.
The electrochemical apparatus was a Potenstisotat PGP 201 Voltalab (Radiometer Analytical, Villeurbanne, France) with VoltaMaster 4 Software.
Analyses
At scheduled times, 5 mL of samples was taken from the reactor.
Decolorization It was followed by means of a UVVis Thermospectronic Helios 8 spectrophotometer (Bioblock, Illkirch, France) at the maximum absorption wavelength or isobestic point (Chebli et al. 2010 ) ( Table 1) for each considered dye.
Chemical Oxygen Demand Measurements It was measured by means of Nanocolor® CSB 40 and 160 tests from Macherey-Nagel (Düren, Germany). The amount of oxygen required for the oxidation of the organic and mineral matter at 148°C for 2 h was quantified after oxidation with K 2 Cr 2 O 7 at acidic pH and heating.
Biological Oxygen Demand Measurements Biological oxygen demand (BOD 5 ) measurements were carried out in an Oxitop IS6 (from WTW) in order to check the biodegradability of the effluent.
The same procedure was applied to inoculate samples, the blank solution and the control solution. The following mineral basis was used for all experiments (in grams per litre): MgSO 4 7H 2 O, 22.5; CaCl 2 , 27.5; FeCl 3 , 0.15; NH 4 Cl, 2.0; Na 2 HPO 4 , 6.80; and KH 2 PO 4 , 2.80. The BOD 5 value was initially estimated based on the COD value experimentally measured or calculated, BOD 5 =COD/1.46. The range of expected BOD 5 measurement was then deduced and hence led to the volume of sample, the activated sludge solution (0.5 gL −1 ) and nitrification inhibitor (10 mgL −l solution of N-Allylthiourea) which have to be added in the shake flask of the Oxitop apparatus. Similar protocol was applied for the control sample except that it was replaced by a solution of easily biodegradable compounds, namely glutamic acid (150 mgL −1 ) and glucose (150 mgL −1 ). Before use, KOH was added to achieve neutral pH (7.0±0.2). Similar protocol was also considered for the blank solution, for which the sample was replaced by water to have a negligible BOD 5 value.
Enzymatic Determination of Hydrogen Peroxide It was based on the oxidation of reduced ABTS (2.2′-azino-bis(3-ethylbenzthiazoline-6 sulphonic acid) by hydrogen peroxide into oxidised ABTS. The reaction was catalysed by peroxidase. Hydrogen peroxide was deduced from the determination of oxidised ABTS by spectrophotometry at 420 nm wavelength.
3 Results and Discussion
Electrochemical Pretreatment
Electrochemical Behaviour of Azo Dyes
The electrochemical behaviour of azo dyes was examined and current-potential curves were plotted for the three azo dyes with a vitreous carbon rotating disc electrode under nitrogen atmosphere. The electroactivity of the three azo dyes was clearly highlighted in Fig. 2 . For all dyes, a limiting current region was well defined, and it was shown that each dye could be reduced at the electrode surface. A limiting current region was well defined from −0.3 and +0.140 V/SCE for OR II and MR, respectively (Fig. 2a, b) . For BS, two limiting current regions were observed: the first was from +0.130 to +0.010 V/SCE and for the second plateau, from +0.010 to around −0.8 V/ SCE (Fig. 2c) .
At −0.4 and −0.5 V/SCE, it corresponded a limiting current of −20 μA and −27 μA for MR and OR II, respectively (Fig. 2a, b) .
These signals could not be attributed to the reduction of dissolved dioxygen as suggested by Daneshvar et al. (2008) because in the operating conditions, dioxygen was removed from the solution by nitrogen sparging.
Monitoring of H 2 O 2 Formation
Experiments were carried out in sulphuric acid (pH 1 and pH 3) with a cathode of 74.5 cm 2 geometrical surface, after air sparging at −0.5 V/SCE.
After 1 h of electrolysis, the concentration of hydrogen peroxide in the solution was, respectively, 0.4×10 −4 and 0.5×10 −4 molL −1 for pH 1 and pH 3.
These concentrations were similar to those obtained by Daneshvar et al. (2008) with a lower surface electrode (7.6 cm 2 ). The authors showed that the hydrogen peroxide concentration increased with the electrode surface. Contrarily in the present work and if compared to the results of Daneshvar et al. (2008) , the H 2 O 2 formation was especially dependent on the oxygen supply which was, hence, the limiting factor.
Influence of the operating parameters
Influence of pH and Electrolyte Concentration Concerning the Fenton reaction, an optimal pH value of 3 was reported in several reports (Ramirez et al. 2005 (Ramirez et al. , 2009 Gallard et al. 1998; Qiang et al. 2003; Panizza and Cerisola 2009; Zhou et al. 2007 ). For pH<3, Fenton process would be less effective because ferric and ferrous ions were complexed and could not react with hydrogen peroxide. However, in electro-Fenton process, this phenomenon was compensated by the continuous regeneration of ferrous ions consequently to electro reduction of ferric ions (Rosales et al. 2009 ). Moreover, for pH<3, the formation of oxonium ions (H 3 O 2 + ) could limit the formation of hydroxyl radicals (Sun et al. 2009 ).
In the case of Biebrich Scarlett and Methyl Red, a flocculation was observed at pH 3 due to the weak solubility of the acidic form of the two azo dyes. For pH≤2.35 and pH≤1.5 for BS and MR, respectively, the protonation of the azo dye allowed their solubilisation. So for the electro-Fenton treatment of BS and MR solutions, experiments were also carried out at pH 1.
The decolorization of 100 mgL −1 orange II at various pH values is presented in Fig. 3 . When the study was performed at pH 1, 99 % of decolorization was obtained after 16 min of treatment, whereas this percentage was obtained after 140 min at pH 3. These results were not in agreement with the previous study, since, as previously explained, an optimal pH of 3 for the electro-Fenton process was reported. If the direct electrochemical reduction of Orange II at the carbon felt surface was responsible for the decolorization, this difference can be explained by a higher ionic strength of the solution for pH 1 and hence by the improvement of mass transport by migration with the increase of the sulphuric acid concentration.
When sodium sulphate salt was added to a pH 3 solution (Fig. 3) , an increase of the degradation rate was highlighted. A 99 % decolorization was obtained after 50, 45 and 42 min for 0.05, 0.1 and 0.2 molL −1 Na 2 SO 4 , respectively, instead of 140 min without Na 2 SO 4 . These results were also in agreement with an electrochemical reduction of the azo dyes instead of hydroxyl radicals attack.
In the range 0.1-0.2 molL
, the influence of the electrolyte concentration was not really significant. It was in agreement with the previous study of Daneshvar et al. (2008) , who obtained an almost constant decolorization rate for NaClO 4 electrolyte concentration range of 0.05-0.1 mol.L . If compared to pH 1, the time required for a quasi total decolorization was longer at pH 3 even in the presence of an electrolyte.
Influence of the Temperature The influence of the temperature was examined for the decolorization of 100 mgL −1 solution of MR and a pH value of 1 with a potential of −0.5 V/SCE (Fig. 4 ). For the three tested temperatures, 30, 40 and 50°C, the decolorization efficiencies were 80.4, 97.0 and 99.0 % after 10 min of electro-Fenton treatment, respectively. An increase of the temperature led also to an increase of the decolorization efficiency for the other dyes (not shown) The temperature played a role in the electron transfer and the mass transport, and hence on the regeneration of Fe(II) (Qiang et al. 2003; Guivarch 2004) . However, the benefit of a temperature increase at the early stage of treatment should be evaluated in light of the additional energetic cost. However, increasing the treatment time beyond 20 min did not improve the decolorization efficiencies. Moreover, on the one hand, a too high temperature can induce to a self-decomposition of hydrogen peroxide to water and dioxygen, leading to a decrease of the decolorization efficiency, and on the other hand, a high temperature did not favour dioxygen solubilisation (Guivarch 2004 ).
Influence of Ferric Ions Concentration
The influence of ferric ions concentration on the degradation of MR was studied with a potential of −0.5 V/SCE in pH 1 solutions.
Five concentrations in the range 0.05-2 mmolL
were tested, and the decolourization yields after 8 min of treatment were in the range of 88.7-92.6 %, respectively (Table 1) . After 45 min of treatment and for all (Ozcan et al. 2009; Zhou et al. 2007 ). Indeed, the optimal concentration of catalyst previously reported was 0.2 mmolL −1 , while these authors observed an efficiency decrease for higher catalyst concentrations which was attributed to the following competitive reactions involving Fe
2+
and Fe 3+ (Ozcan et al. 2009 ):
Further experiments without catalyst were carried out in the same operating conditions. An 87.5 % of MR was discoloured after 8 min of treatment and 99.6 % after 45 min. Without Fe 2+ in the solution, no Fenton's reaction occurred and, hence, no hydroxyl radicals were produced. As seen above (Section 3.1.1.), at the cathodic potential of −0.5 V/SCE, the electrochemical reduction of the azo dye on the carbon felt electrode can also be assumed.
Influence of Cathodic Potentials
For all tested potentials, −0.25, −0.4 and −0.5 V/SCE, decolorization yield was above 99 % after 30 min of treatment of a 100-mgL −1 MR solution (Fig. 5) . A negligible effect of the cathodic potentials on the removal of azo dye was shown (Fig. 5) , in agreement with a previous study (Daneshvar et al. 2008 ). This result was not in accordance with previous reports related to electro-Fenton processes showing an optimal potential of −0.5 V/SCE for the simultaneous reduction of dioxygen and ferric ions at the cathode surface (Oturan and Pinson 1995; Guivarch et al. 2003b; Qiang et al. 2002) . Daneshvar et al. (2008) analysed their results from the current-potential curves plotted with O 2 saturated solutions containing Orange II. From −0.5 to −1 V/ SCE, a plateau appeared on the curve which was attributed to the reduction of dissolved dioxygen to hydrogen peroxide, and hence any potential applied in the range of −0.5 to −1 V during electro-Fenton process did not influence the production of hydrogen peroxide. Qiang et al. (2003) have reported the same conclusion concerning the attribution of peaks observed during a linear scanning voltammetry in the range of −0.3 to −0.8 V/SCE in the presence of dioxygen and Methyl red (100 mgL −1 ).
In the potential range of −0.25 to −0.5 V/SCE, all the azo dyes react at the electrode surface. From the current-potential curves for all the studied dyes (Section 3.1.1.), all the potentials belong to the limiting current region, so no influence of potential can be observed on the decolorization of the azo dyes.
Electrochemical Reduction of Azo Dye Solutions
In the electro-Fenton process, the decolorization of MR was carried out with a ferric concentration of 0.1 mmolL −1 and a cathodic potential of −0.5 V/ SCE. The pH was initially adjusted at 1 and the temperature was 30°C. Without ferric ions in the solution, the same decolorization yield as that obtained by electro-Fenton was achieved after 15 min, namely 99 %, which was in agreement with an electrochemical reduction of this azo dye. The same results were also observed for OR II and BS. Figure 6 shows the UV/visible absorption spectra of a MR solution at various times during the physicochemical treatment. In the UV region, a shoulder around 220 nm and a band at 290 nm were observed. These wavelength was ascribed to π-σ-π transitions corresponding to the conjugated aromatic system. In the visible region, an absorbance peak was observed at 525 nm, which corresponded to the absorption of the n-π* transition related to the -N = N-bond. During electrolysis, the absorbance at 220 nm decreased slowly, unlike the absorbance at 290 and 525 nm, the decrease of the last signal corresponded to the cleavage of the nitrogen double bond, and hence illustrated the decolorization of the solution. The peak disappeared after 20 min which was in agreement with the decolorization results. Moreover, the cleavage of the azo bond entailed a decrease of the system conjugation illustrated by a decrease of the absorbance at 290 nm. After 2 h of treatment, this last peak had also almost totally disappeared (data not shown).
Considering an electrochemical reduction of MR, the azo double bond is more reducible than most other functional group (Lund and Hammerich 2001) . According to the current-potential curve (Fig. 2b) , the evolution of the UV/visible spectra ( Fig. 6 ) and previous studies (Cheng and Guo 2007; Xu et al. 1996) , an electrochemical reduction involving two electrons could be proposed:
COD Evolution Until 45 min of treatment, COD values remained constant for each azo dye (Table 2) , which was in agreement with an electrochemical reduction of these compounds; an oxidation by hydroxyl radicals would entail a decrease of the COD values.
Beyond 45 min of treatment, i.e. beyond total decolorization, COD values decreased for each azo dye solution. After 22 h, oxidation yields were 71.8, 75.5 and 33 % for OR II, BS and MR, respectively. Current-potential curves plotted with electrolysed solution did not show signals on reduction (data not shown), which meant that by-products from the electrochemical reduction of azo dyes were not electroactive in reduction. Oxygen can be thus reduced at the cathode surface to produce hydrogen peroxide. The COD decrease could therefore be attributed to the oxidation of by-products by hydroxyl radicals produced during the Fenton reaction. Moreover, the formation of hydroxyl radicals could explain the drastic decrease of the peak at 290 nm after 2 h of MR treatment because hydroxyl radicals easily attack unsaturated bonds and then aromatics (Buxton et al. 1988) .
It can be noted that COD determination cannot be disturbed by H 2 O 2 formation because maximal concentration of hydrogen peroxide was 0.05 mmolL −1 , while the ferrous ion concentration was 0.1 mmolL −1 .
Hydrogen peroxide was therefore the limiting factor and totally reacted with ferrous ions to form hydroxyl radicals. Biodegradability of the Pretreated Solutions A solution is usually considered biodegradable when the ratio between BOD 5 and COD is greater than 0.4. For each azo dye solution, the biodegradability was estimated initially and after 45 min of treatment for each dye, and after 28 h of treatment for OR II and MR, and 22 h for BS ( Table 2) .
As expected, the dyes were initially not biodegradable (Table 2) . After 45 min of pretreatment, only the biodegradability of the MR-pretreated solution seemed to increase, with a ratio BOD 5 /COD of 0.23 but the solution remained weakly biodegradable (Table 2) . These promising results recorded after 45 min for MR were not confirmed if the pretreatment lasted longer (28 h), since the biodegradability tended to decrease with a final ratio of 0.14. Oxidation of by-products from the electrochemical reduction of MR seemed to entail a greater biorecalcitrance of the solution.
Pretreated solutions of BS were not biodegradable after decolorization (45 min) and after 22 h of treatment even if the biodegradabilty slightly increased after 22 h.
The behaviour of the pretreated OR II solution was quite different. Indeed, just after decolorization, the solution was not biodegradable (BOD 5 /COD=0), but if the duration of the pretreatment increased, the solution became more easily biodegradable with a ratio BOD 5 /COD of 0.81 after 28 h of treatment. 
Conclusion
The electrochemical pretreatment of the three azo dyes namely OR II, BS and MR was a combination between an electrochemical reduction on the carbon felt cathode responsible for the decolorization of the target compounds and the electro-Fenton oxidation of their by-products. The study on the influence of operating parameters during electro-Fenton treatment highlighted differences with the literature which were explained after examination of the electrochemical behaviour of the considered dyes. Indeed, this study highlighted the electroactivity of the three azo dyes, OR II, BS and MR. In the considered operating conditions, decolorization of the dyes was mainly due to their electrochemical reduction on the carbon felt cathode, confirmed by the absence of COD variations, showing an absence of oxidation. After decolorization, byproducts from the electrochemical reduction were oxidised by hydroxyl radicals produced during the Fenton reaction and a decrease of the COD value was then observed. An absence of by-product reduction on the carbon felt was also shown, and then the dioxygen reduction was favoured.
Concerning the feasibility of coupling this pretreatment with a biological process, the results confirmed the recalcitrance of the studied azo dyes. The physicochemical treatment allowed an increase of the biodegradability except for BS. In the case of MR, the decolorization of the solution enhanced the biodegradability, but the subsequent oxidation of the byproducts did not favour this tendency. On the contrary, an electrochemical reduction of OR II that leads to a decolorization followed by an oxidation of the byproducts with the hydroxyl radicals resulting from the Fenton reaction provided an easily biodegradable solution with a ratio BOD 5 /COD of 0.81 after 28 h of treatment.
